Research Park, Colney Lane, Norwich NR4 7UH, UK Oxalate oxidase (E.C. 1.2.3.4) catalyses the conversion of oxalate and dioxygen to carbon dioxide and hydrogen peroxide (for reviews see [ 1-31). Oxalate oxidase activity has been detected in a number of organisms but the best biochemically characterised enzymes are from barley and wheat. The plant enzyme is isolated as a glycosylated homopentamer which is remarkably resistant to heat, SDS and proteinase treatment. It has recently been shown that the plant protein germin [4,5] and a few members of the germin-like protein family are oxalate oxidases and that these have been detected during plant germination, fungal stress and salt stress. It has been proposed that the activity may be involved in providing hydrogen peroxide for cell wall biosynthesis. The hydrogen peroxide producing enzymes that have been described to date require either a flavin cofactor, a copper (11) . With a view to a better understanding of the chemistry of oxalate oxidation and the physiological requirements of the plant enzyme, we are investigating the identity of the cofactors and structure of plant oxalate oxidases.
germin [4,5] and a few members of the germin-like protein family are oxalate oxidases and that these have been detected during plant germination, fungal stress and salt stress. It has been proposed that the activity may be involved in providing hydrogen peroxide for cell wall biosynthesis. The hydrogen peroxide producing enzymes that have been described to date require either a flavin cofactor, a copper (11) ion or heme for catalysis [6] . Purified oxalate oxidases from plant and microbial sources exhibit no detectable absorbance in the visible spectrum [7-91, clearly showing the complete absence of flavin and heme. The only metal analysis of an oxalate oxidase that has been reported is that of a Pseudomonas oxalate oxidase, which has somewhat different physical properties to the plant enzymes [8] .
A total of 1.12, 0.36 and 0.09 atoms of manganese, zinc and iron were detected per polypeptide monomer and no copper, molybdenum, cobalt or nickel were detected. The authors did not point out that an observed 1.75-fold increase in activity on addition of manganese (11) ions suggested that the enzyme requires two (1.96) manganese ions per polypeptide for full activity and that the Pseudomonas oxalate oxidase appears to be in its own new class of hydrogen peroxide producing enzymes. There is some controversy about the identity of any metal ions that may be associated with plant oxalate oxidase activity. Some authors have suggested copper Our initial studies have been with the commercial, partially purified barley seedling oxalate oxidase from Boehringer which appears to be about 30 % pure. In order to reduce the level of any contaminating metal ions in this preparation, a 1 mg ml'l protein solution was desalted by 3 successive 10-fold dilutions and concentrations, using 10 mM acetate buffer, pH 5.0, and Amicon Microcon devices with 30 kDa cut-off ultrafiltration membranes at mom temperature. Given that the molecular mass of the homopentamer is 125 kDa, the remarkable stability of the plant enzyme and the lack of evidence for monomers being active, the enzyme was expected to remain in the retentate. To our surprise, about 60 % of the activity was repducibly detected in the filtrate. Microcon devices with a cut-off of 10 kDa were required to successfully desalt the enzyme. It would therefore appear that the pentamers are able to reversibly dissociate completely to 25 kDa monomers under these conditions. This Contaminating proteins, which may bind metal ions themselves, were removed from this partially purified preparation by ion exchange FPLC. Since the enzyme is most stable at pH 5.0 and the PI is predicted to be about 5.5 from the primary sequence [4], the enzyme was applied to a Monos column preequilibrated with 10 mM acetate buffer, pH 5.0, and eluted with a salt gradient at about 0.14 M NaCI. This afforded a 2.7-fold purification with a 47 % recovery to give a specific activity of 6.0 U mg-l using a peroxidasecoupled spectrophotometric assay with 2,2'-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid at 21 "C. The specific activity compares reasonably well with that determined by others using alternative assay procedures at 37 T (9 and 34 U mg-l [4,9]). The purified enzyme appeared to be at least 90 % pure according to SDS PAGE with Coomassie blue staining. The development of duplicate gels using an activity stain containing oxalate, peroxidase and 4-chloro-1-naphthol confirmed that the major band was oxalate oxidase with samples that were not heated before electrophoresis.
The absorbance spectrum of the purified enzyme is essentially the same as that reported previously [7, 9] . There is no detectable absorbance in the visible spectrum and, intriguingly, there is at least double the absorbance at 280 nm than that m c t e d from the primary sequence. In addition, we note that there is a small tail in the protein absorbance band that extends to about 370 nm and is not normally associated with protein alone. These additional spectroscopic features are likely to be associated with the cofactors.
The metal analysis of the purified material gave 0.87, 0.41, 0.16 and 0.04 atoms of iron, manganese zinc and copper per monomer of oxalate oxidase. These values take into account control determinations without added protein. Protein was determined using the Bio-Rad Protein Assay and monomer concentrations were calculated using a molecular mass of 21,203 Da, as predicted from the primary sequence. It is clear that there is essentially no copper associated with barley oxalate oxidase and that iron and manganese are the most likely candidates for catalyticaly essential metal ions.
The EPR spectrum of the purified enzyme was determined at liquid helium and nitrogen temperatures. The typical six line spectrum of manganese (11) In this paper, we have shown for the first t i m e that active plant oxalate oxidase contains essentially no copper ions. We can conclude therefore, that the plant enzyme catalyses the conversion of dioxygen to hydrogenperoxide using chemistry quite different from that used by galactose and amine oxidase. At this stage, it is not clear what the catalytically essential cofactors are for the plant enzyme, but it would appear that the most likely candidate metal ions are iron and manganese. It is possible that only a single metal ion is required for catalysis along with a one electron oxidised and modified tyrosine residue in a manner analogous with the copper containing oxidases. Many of the germin-like protein family share a conserved tyrosine residue. Sequence homology between plant oxalate oxidases and auxin binding proteins, which to our knowledge has not been reported previously, also lead one to consider the requirement for a small, diffusable organic cofactor with important regulatory consequences. However, we can not rule out the possibility that two metal ions are required for this two electron process. It therefore remains to be seen whether the plant and microbial enzymes utilise the same cofactors. We are currently purifying and characterising the enzyme from barley seedling roots that are grown in our laboratory.
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